Abstract Regrowth of the cryopreserved protocorm-like bodies (PLBs) of Dendrobium Bobby Messina was assessed based on the plant vitrification solution 2 (PVS2) optimisation conditions. The optimized protocol obtained based on TTC spectrophotometrical analysis and growth recovery were 3-4 mm of PLBs size precultured in 0.2 M sucrose for 1 day, treated with a mixture of 2 M glycerol and 0.4 M sucrose supplemented with half-strength liquid MS media at 25°C for 20 min and subsequently dehydrated with PVS2 at 0°C for 20 min prior to storage in liquid nitrogen. Following rapid warming in a water bath at 40°C for 90 s, PLBs were treated with unloading solution containing half-strength liquid MS media supplemented with 1.2 M sucrose. Subsequently, the PLBs were cultured on halfstrength semi-solid MS media supplemented with 2 % (w/v) sucrose without any growth regulators and resulted in 40 % growth recovery. In addition, ascorbic acid treatment was used to evaluate the regeneration process of cryopreserved PLBs. However, growth recovery rates of non-cryopreserved and cryopreserved PLBs were 30 and 10 % when 0.6 mM ascorbic acid was added. Scanning electron microscopy analysis indicates that there are not much damages observed on both cryopreserved and non-cryopreserved PLBs in comparison to PLBs stock culture.
Introduction
Orchidaceae is a family with 20,000 to 30,000 species and is the largest family in the plant kingdom [1] . Orchids are one of the most captivating clusters of ornamental plants, and several novel cultivars have been produced by interspecific and intergeneric hybridization in order to generate plants with exotic and elegant flowers. Dendrobium Bobby Messina is one of a new Dendrobium orchid hybrid from Indonesia with the parentage of (Imelda Romualdez × Jaquelyn Thomas) which has been reported to be grown widely as cut flower, potted plant and is valued for its attractive flower. Due to environmental disruption, succession of natural habitats and overexploitation for horticulture use, numerous orchid species and hybrids are endangered today [1] .
Cryopreservation is known as storage of biological material at ultra-low temperatures normally at the temperature of liquid nitrogen (−196°C). At low temperature, all cellular divisions and the metabolic processes of cryopreserved cells are halted. Consequently, the plant materials can be stored theoretically for unlimited period of time [2] [3] [4] [5] . Cryopreservation technique offers various advantages compared to other conservation methods such as stability of plant phenotypic and genotypic characteristics, minimal storage space and maintenance requirements [6] [7] [8] [9] . Cryopreservation of plant tissues involved several stages such as establishment of in vitro cultures, conditioning of these tissues, addition of an appropriate cryoprotectant, exposure of cultures to ultra-low temperature, rewarming and regeneration of plant cells and tissues. Therefore, in order to develop a cryopreservation protocol for a species including orchids, hence these stages need to be optimized [10] . In general, there are three cryopreservation methods that have been applied to orchid species and hybrids, including desiccation (air-drying), vitrification or droplet vitrification and encapsulation-dehydration [11, 12] . However, the rate of success for the desiccation method compared to encapsulation-dehydration and vitrification methods has been low [13] . This is due to the fact that the desiccation method involves direct dehydration of naked protocormlike bodies (PLBs) which are very sensitive to dehydration. Cryopreservation in orchids PLB has been successful in Vanda pumila [14] , Bletilla striata [15, 16] , Geodorum densiflorum [17, 18] , Doritaenopsis [19] and Dendrobium (Walter Oumae) [20] .
The vitrification method has been successfully applied to seeds of a few orchid species, such as mature seeds of B. striata [15] and Doritis pulcherrima [21] , and immature seeds of B. striata [16] and Ponerorchis graminifolia var. suzukiana [22] . Apart from that, droplet vitrification method is also reported to be successful in cryopreservation of vanilla (Vanilla planifolia 'Andrews') [23] .
In order to achieve high growth in cryopreservation protocol, the optimization of several key factors plays a large role. The basic factors for the success in cryopreservation are physiological status of the plant material, preculture and cryoprotective treatments, cooling and rewarming rates and growth recovery conditions such as addition of antioxidants such as ascorbic acid. Therefore, the aim of this study was to optimize the preculture duration, plant vitrification solution 2 (PVS2) incubation condition and regrowth condition on the cryopreservation of Dendrobium Bobby Messina PLBs.
Materials and Methods

Plant Materials
PLBs 3-4 mm of Dendrobium Bobby Messina were selected for cryopreservation in this study from in vitro stock cultures. Stock cultures were cultured in half-strength liquid Murashige & Skoog (1962) [24] ).
Preculture PLB size of 3-4 mm was selected from 4-week-old culture and precultured in half-strength semi-solid MS media (Murashige and Skoog 1962) [24] supplemented with 0.2 M sucrose at 25°C for 0 to 5 days under a 16-h photoperiod.
Loading, Cryostorage, Thawing and Regeneration of PLBs
After preculture treatment, PLBs were dehydrated with 1.5 mL of loading solution (2 M glycerol supplemented with 0.4 M sucrose in half-strength liquid MS media) in 2-mL cryotubes at 25°C for 20 min. Subsequently, the PLBs were then dehydrated in 1.5 mL PVS2 solution [25] at 0°C for 20 min and/or at 0 or 25°C for 0, 20, 40, 60, 80 and 100 min. PVS2 solution contains 30 % (w/v) glycerol, 15 % (w/v) ethylene glycol and 15 % (w/v) DMSO supplemented with 0.4 M sucrose in half-strength liquid MS medium. After dehydration in PVS2 solution, the PLBs were resuspended in fresh 1.5 mL of ice cold PVS2 and were directly plunged into liquid nitrogen for a minimum of 24 h. Cryopreserved PLBs were thawed at 40°C for 90 to 120 s. After thawing, PVS2 solution was drained from the cryotubes and replaced with 1.5 mL of half-strength liquid MS media supplemented with 1.2 M sucrose [26] in which the PLBs were washed at 25°C for 20 min. In the noncryopreserved treatment, PLBs were subjected to all treatment cryostorage and thawing procedures. Both cryopreserved and non-cryopreserved PLBs were then transferred onto a layer of sterilized filter paper over half-strength semi-solid MS media supplemented with 2 % sucrose and 2.75 g/L Gelrite in the absence of growth regulator at 25°C for 24 h. After 24 h, the PLBs were transferred onto half-strength semi-solid MS media supplemented with 2 % sucrose and 2.75 g/L Gelrite without the presence of any growth regulators. For first week, the PLBs were kept in dark condition; second week were kept in dim light condition and at the third week, survived PLBs were exposed to a 16-h photoperiod.
Viability, Growth Assessment and Statistical Analysis
After 3 weeks in culture, the survival of cryopreserved and non-cryopreserved PLBs was assessed based on growth observation and viability assay via triphenyl tetrazoliumchloride (TTC) spectrophotometrical analysis at 490 nm [27] . Each experiment consisted of six replicates per treatment with ten samples each. All data were subjected to independent sample t test. Growth recovery of cryopreserved and non-cryopreserved PLBs was scored as in percentage of regenerated PLBs (green).
Cryopreservation of Dendrobium Bobby Messina PLBs Using Optimized PVS2 Vitrification Conditions
The optimized protocol consisted of 3-4 mm PLBs precultured with half-strength semi-solid MS media supplemented with 0.2 M sucrose at 25°C for 1 day. Then, precultured PLBs were then treated with a mixture of 2 M glycerol and 0.4 M sucrose supplemented with halfstrength liquid MS media at 25°C for 20 min. PLBs were then dehydrated with plant vitrification solution 2 (PVS2) at 0°C for 20 min prior to storage in liquid nitrogen. Following rapid warming in a water bath at 40°C for 90 to 120 s, the PLBs were washed with half-strength liquid MS media supplemented with 1.2 M sucrose. Subsequently, the PLBs were cultured on half-strength semi-solid MS media supplemented with 2 % sucrose without any growth regulator. After 2 months, PLBs were subcultured on half-strength semisolid MS media supplemented with 2 % sucrose and 1 mg/L BAP. Growth recovery was scored as in percentage of regenerated cryopreserved PLBs (green) comparing with noncryopreserved PLBs.
Cryopreservation of Dendrobium Bobby Messina PLBs Using Optimized PVS2 Vitrification with an Addition of Ascorbic Acid
The optimized protocol which gave rise to 40 % growth of cryopreserved PLBs recovery after 2 months in culture was chosen for this experiment. Therefore, this experiment was conducted for the evaluation of effect of ascorbic acid on the growth recovery of cryopreserved PLBs in comparison with the non-cryopreserved PLBs. The experimental procedure is the same as been mentioned. However, ascorbic acid was added at a concentration of 0.6 mM at the four main steps such as preculture, loading, unloading and growth recovery. Growth recovery was scored as in percentage of regenerated cryopreserved PLBs (green) comparing with non-cryopreserved PLBs.
Scanning Electron Microscopy Analysis of Cryopreserved and Non-Cryopreserved PLBs from Optimized Protocol
The optimized protocol which gave rise to 40 % growth of cryopreserved PLBs recovery after 3 months in culture was chosen for this experiment. Regenerated PLBs were processed using freeze drying method. Specimens were observed using a scanning electron microscope (Leo Supra 55VP-Ultra High Resolution analytical FESEM).
Results
Effects of Various Preculture Durations on Viability
All cryopreserved PLBs that were not precultured showed very low viability rate. Cryopreserved PLBs showed increasing viability rate when precultured in half-strength MS media supplemented with 0.2 M sucrose for 0 to 1 days (Fig. 1) . Contrarily, cryopreserved PLBs showed decreasing viability rate when precultured in half-strength MS media supplemented with both 0.2 M sucrose for 2 to 5 days (Fig. 2) . Cryopreserved PLBs which were precultured in half-strength MS media supplemented 0.2 M sucrose showed highest viability rate when precultured for 1 day comparative to other durations tested based on TTC assay (Fig. 1) . The growth rate of cryopreserved PLBs precultured in 0.2 M sucrose for 1 day and non-cryopreserved PLBs precultured in 0.2 M sucrose for 0, 1, 2, 3, 4 and 5 days appeared to have growth of 30, 100, 100, 60, 57, 57 and 50 %, respectively (Table 1) . However, all other preculture durations tested for cryopreserved PLBs did not result in any growth recovery ( Table 1) .
Effect of PVS2 Temperatures and Exposure Durations on Viability
Cryopreserved PLBs which were precultured in half-strength MS media supplemented with 0.2 M sucrose produced highest viability rate when were precultured for 1 day compared to other durations tested based on TTC assay. Therefore, 1 day preculture period combined with 0.2 M sucrose in preculture medium was subsequently used in the remaining experiment.
To determine the optimal time and temperature of exposure to PVS2, PLBs were treated for 0 to 100 min with PVS2 solution at 0°C and room temperature prior to LN exposure. Without PVS2 dehydration treatment at 0°C and room temperature, cryopreserved PLBs produced very low viability rate. However, cryopreserved PLBs showed lower viability rate when were exposed to PVS2 solution at room temperature compared to 0°C (Fig. 2) . PLBs precultured in 0.2 M sucrose for 1 day showed highest viability rate when exposed to PVS2 solution at 0°C for 20 min (Fig. 2) .
To determine the differences between cryopreserved PLBs and non-cryopreserved PLBs when precultured in 0.2 M sucrose for 1 day and treated for 0 to 100 min with PVS2 solution at both 0°C and room temperature, results showed that there were significant differences in viability between cryopreserved and non-cryopreserved PLBs (Fig. 3 and Fig. 4) . The viability of non-cryopreserved PLBs was higher compared to cryopreserved PLBs when treated with PVS2 for 0 to 40 min (Figs. 3 and 4) . However, there was no significant difference in viability between cryopreserved and non-cryopreserved PLBs when treated with PVS2 for 60 to 100 min ( Fig. 3 and Fig. 4) .
The growth rates of cryopreserved PLBs precultured in 0.2 M sucrose for 1 day and exposed to PVS2 solution at 0°C for 20 min appeared to have growth of 33 % (Table 2) . On the other hand, the growth rates of non-cryopreserved PLBs precultured in 0.2 M sucrose for 1 day and exposed to PVS2 solution at 0°C for 0, 20 and 40 min appeared to have growth of 100, 90 and 52 %, respectively (Table 2) . Cryopreserved PLBs precultured in 0.2 M sucrose for 1 day and exposed to PVS2 solution at room temperature did not result in any regrowth (Table 3) . However, non-cryopreserved PLBs precultured in 0.2 M sucrose for 1 day and exposed to PVS2 solution at room temperature for 0, 20 and 40 min appeared to have growth of 98, 65 and 23 %, respectively (Table 3) . However, all other PVS2 exposure durations at 0°C and room temperatures tested for both cryopreserved and non-cryopreserved PLBs did not result in any growth recovery (Table 2 and Table 3 ).
Growth Recovery Percentage of Cryopreserved and Non-cryopreserved PLBs of Dendrobium Bobby Messina Using Optimized Vitrification Protocol
This optimized protocol gave rise to regeneration percentage in non-cryopreserved and cryopreserved as 100 % (Fig. 5a ) and 40 % (Fig. 5b) , respectively, within 2 months (Table 4) . The morphological characteristics of regenerated cryopreserved PLBs compared with the non-cryopreserved PLBs appear to be the same such as the appearance of green, healthy and able to regenerate into complete plantlet with normal shoots and leaves. Messina with an addition of 0.6 mM ascorbic acid in four main steps in the cryopreservation procedures which are preculture, loading, unloading and growth recovery steps. However, regeneration was lower with percentage in non-cryopreserved and cryopreserved as 30 % (Fig. 6a ) and 10 % (Fig. 6b) , respectively, within 2 months after thawing (Table 5) . In this study, a scanning electron microscope observation of 3-month culture of cryopreserved, non-cryopreserved and PLBs stock culture of Dendrobium Bobby Messina was performed. The side view showed that PLBs remained intact in both cryopreserved and non-cryopreserved PLBs in comparison to the PLBs stock culture (Fig. 7) . 
Discussion
The approach to cryopreservation is generally known as vitrification. This approach in cryopreservation requires the cell to reach a critically high viscosity by dehydration with PVS2, such that on contact to freezing temperatures, water forms a vitrified state [28, 29] . Glasses are highly viscous solidified liquids, amorphous, metastable and non-crystalline and lack an organized structure; thus, glasses are less damaging to cells compared to ice [29] . The key to successful cryopreservation is not dependent upon the induction of freezing tolerance but rather on dehydration tolerance [30] . Preculture involves the culture of the excised explants on medium containing sucrose or sugar alcohols for a few hours to several days. Explants are dehydrated to appropriate water contents prior to immersion into the liquid nitrogen [6] . Osmoprotection is a technique whereby the explants are subjected to incubation on a medium consisting of various sugars or other osmotically active substances such as dimethylsulfoxide, glycerol and ethylene glycol for a short duration, normally from minutes to a few hours. Preculture and osmoprotection treatments lead to high growth recovery of the frozen embryos and embryonic axes [6] . Preculture medium content and cryoprotective treatment exposure duration are two key factors for the success in cryopreservation. Sugar treatments are generally useful to prepare plant tissues for cryopreservation. Sugars act as osmolytes, are excellent glass formers and stabilize membranes and proteins that stimulate the production of some compounds like proteins, other sugars, glycerol, proline, Table 5 glycine betaine and polyamines, which have colligative as well as non-colligative effects. In orchid V. pumila, 3 days preculture in liquid medium with 1 mg/L ABA proved to be vital to obtain recovery of shoot primordial after cryopreservation [31] . Embryos of Zizaniatexana showed an increase in recovery (from 5 to 75 %) following preculture in high concentrations of sugars and sugar alcohols (sucrose, glucose, raffinose, sorbitol, mannitol, xylitol and ribitol) and treatment in a cryoprotectant (PVS2) [32] . Cryopreservation of different orchids displayed different optimal preculture period such as 0.75 M sucrose for 3 days preculture in Phalaenopsisbellina (Rchb.f.) Christenson [10] , 0.5 M sucrose preculture for 1 day in Dendrobium sonia-17 [33] and 0.8 M sucrose preculture for 1 day in Brassidium Shooting Star [34] . Therefore, these results suggest that different orchids may give rise to different optimal preculture durations due to different genotypes. The optimal water content of tissues varies among plant species or even within varieties mainly due to their difference in dehydration tolerance capacity [35] . In this study, preculture with 1 day period gave rise to growth recovery of 30 % (Table 1 ). However, in previous experiments conducted by our group in Dendrobium Bobby Messina when preculture was done at 0.2 M sucrose the growth recovery was lower [36] , and when preculture was done at 0.6 M sucrose with varying durations there was no growth obtained [37] . Therefore, this indicated the importance of furthering the optimization experiment using this concentration to preculture duration and PVS2 incubation temperature and durations. In the previous studies done by our group, the PLBs precultured in 0.6 M sucrose and incubated in varying durations of PVS2 indicated no growth as well [37] . Thus, by utilizing the 0.2-M preculture conditions, the PLBs precultured in 0.2 M sucrose and incubated with PVS2 at 0°C for 20 min resulted with 33 % growth recovery following cryopreservation ( Table 2) . One of the keys to successful cryopreservation by vitrification is the cautious control of dehydration and avoidance of injury by chemical toxicity or excess osmotic stresses during treatment with PVS2. Optimizing the time of exposure, or the temperature during exposure to PVS2, is vital for producing a high level of growth recovery following vitrification. In the meristems of taro and banana, the damaging effects caused by PVS2 were eliminated or reduced by treatment with PVS2 at 0°C [38] . In numerous vitrified cells and meristems, PVS2 treatment at 0°C was required to reduce deleterious effects. Such treatment produced high recovery, even in tropical materials [38] [39] [40] [41] . In many herbaceous plants, the optimum exposure time to PVS2 is 10-25 min at 25°C [42, 43] . In apple shoot tips (2 mm long, 1.5 mm base diameter) consisting of the apical meristem and four or five leaf primordia, the optimum exposure time to PVS2 was 80-90 min at 25°C [44] . Exposure time to PVS2 may be associated with the size of excised meristems and the preculture conditions, and it also appears to be considerably species specific [44, 45] . Thus, this supports our findings that different conditions during the cryopreservation procedure gave rise to varying amount of growth following cryopreservation.
The optimized PVS2 vitrification protocol was utilized in cryopreservation of Dendrobium Bobby Messina, PLBs precultured in 0.2 M sucrose and dehydrated with PVS2 solution at 0°C for 20 min gave rise to 100 and 40 % regrowth in noncryopreserved and cryopreserved PLBs, respectively, within 2 months after thawing (Table 4 and Fig. 5 ). Thus, this indicates that the PLBs precultured in 0.2 M sucrose and dehydrated with PVS2 solution at 0°C for 20 min will be more vital to be used as a cryopreservation protocol for Dendrobium Bobby Messina. A minimum of 40 % growth recovery following cryostorage was recognized as satisfactory for most plant germplasm [46] . However, when 0.6 mM ascorbic acid was added at four critical steps in the optimized protocol during the cryopreservation procedures, the growth recovery declined comparative with the initial optimized protocol. The regeneration was lower with percentage in non-cryopreserved 30 % and cryopreserved 10 % within 2 months after thawing (Table 5 and Fig. 6 ).
Ascorbic acid should be added at any of the four steps in the cryopreservation procedure separately, and this will be able to significantly improved regrowth of cryopreserved sample [47] . In this study, since the addition of ascorbic acid was added at all steps such as preculture, loading, unloading and growth recovery steps, the addition of iron in the MS media in turn was detrimental for the regrowth. Similarly, no regrowth was obtained in cryopreservation of Rubus shoot tips, when ascorbic acid was added at all four steps. The addition of iron in the MS components should be avoided when ascorbic acid is added in the MS media theoretically. This is due to the fact that iron and ascorbic acid can participate in fenton reaction causing the production of hydroxyl radicals [48, 49] . Similarly, growth decline caused by iron-induced reaction was observed in regeneration of Arachis hypogaea L. explants [50] . Therefore, our suggestion here for future studies in order to increase the regrowth of cryopreserved PLBs of Dendrobium Bobby Messina is to evaluate the effect of addition of antioxidant such as ascorbic acid without the addition of iron in the MS media at all four cryopreservation steps separately.
In PVS2 vitrification method, cryopreserved and non-cryopreserved PLBs by PVS2 vitrification method without the addition of ascorbic acid remained intact comparative to the PLBs stock culture (Fig. 7) . The side view shows the presence of meristematic cells in PLBs. Similar results were observed in cryopreservation of Vanda coerulea Griff. Ex Lindl [51] . Thus, this indicates that the cryopreservation procedure can be utilized safely as a longterm germplasm conservation method.
Hence, we conclude that the optimized protocol for Dendrobium Bobby Messina based on TTC spectrophotometrical analysis and growth recovery were 3-4 mm PLBs precultured in 0.2 M sucrose for 1 day, treated with a mixture of 2 M glycerol and 0.4 M sucrose supplemented with half-strength liquid MS media at 25°C for 20 min and subsequently dehydrated with plant vitrification solution 2 (PVS2) at 0°C for 20 min prior to storage in liquid nitrogen. Following rapid warming in a water bath at 40°C for 90 s, the PLBs were washed with half-strength liquid MS media supplemented with 1.2 M sucrose. Subsequently, the PLBs were cultured on half-strength semi-solid MS media supplemented with 2 % (w/v) sucrose without any growth regulators.
